In this review, we examine how roots penetrate a structured soil. We first examine the relationship between soil water status and its mechanical strength, as well as the ability of the soil to supply water to the root. We identify these as critical soil factors, because it is primarily in drying soil that mechanical constraints limit root elongation. Water supply to the root is important because root water status affects growth pressures and root stiffness. To simplify the bewildering complexity of soil-root interactions, the discussion is focused around the special cases of root elongation in soil with pores much smaller than the root diameter and the penetration of roots at interfaces within the soil. While it is often assumed that the former case is well understood, many unanswered questions remain. While low soil-root friction is often viewed as a trait conferring better penetration of strong soils, it may also increase the axial pressure on the root tip and in so doing reduce the rate of cell division and/or expansion. The precise trade-off between various root traits involved in root elongation in homogeneous soil remains to be determined. There is consensus that the most important factors determining root penetration at an interface are the angle at which the root attempts to penetrate the soil, root stiffness, and the strength of the soil to be penetrated. The effect of growth angle on root penetration implicates gravitropic responses in improved root penetration ability. Although there is no work that has explored the effect of the strength of the gravitropic responses on penetration of hard layers, we attempt to outline possible interactions. Impacts of soil drying and strength on phytohormone concentrations in roots, and consequent root-to-shoot signalling, are also considered.
Introduction
This review explores how roots elongate in structured soil. Soil structure is dynamic and depends on interaction with the biology of microbes and roots that live in the soil (Young and Crawford, 2004) . Soil structure is a term often used to recognize that soil is not homogeneous at a particular scale (Dexter, 1988) . X-ray imaging is increasingly used to directly investigate soil structure (Helliwell et al., 2013) . Indirect approaches to quantify soil structure are also useful. The dependence of hydraulic properties on pore size, shape, and connectivity is widely used to make inferences about soil structure. These approaches include measurement of the water release characteristic in the laboratory (Gregory et al., 2010a) and tension infiltration in the field, which restricts the range of pore sizes involved in infiltration (Gregory et al., 2010b) . In this review, we concentrate on the aspects of soil structure that affect root penetration and water uptake. These are primarily the strength of the soil, matric potential, and connectivity of root-sized (i.e. millimetre) pores. Soil drying due to evapotranspirational demand from the crop canopy results in soil water potential becoming more negative and soil strength increasing. Soil strength and water availability can independently Abbreviations: ABA, abscisic acid; QTL, quantitative trait loci.
reduce crop growth, but there is no consensus on which of these stresses or combination of stresses is the most important.
Four common interactions between a penetrating root and soil are summarized schematically in Fig. 1 . Roots can penetrate soil with very small pores by deforming soil to make a new root channel, elongate along an existing pore (or crack), or negotiate a crack at some angle of incidence before penetrating the soil. In soil homogeneous at the rootsized scale, elongation depends on the ability of the root to produce a growth pressure large enough to deform the soil. When roots attempt to penetrate soil surfaces within the soil profile, the stiffness of root tissue, the angle of incidence, and the strength of the soil being penetrated all interact to determine the outcome. In our review, we discuss all of these cases, but first the interaction between soil drying and mechanical strength of soil is discussed. We also consider the water supply to the root because the root water potential has a large effect on growth pressures that can be generated and the root stiffness. Oxygen availability is not considered in the review because we wish concentrate on mechanical aspects of root penetration in contrast to elongation limited by root respiration in soil which is likely to be wet and therefore mechanically weak. The review deals with root penetration events that require deformation of the soil or redirected growth in a macropore between the textural pore space, which is approximately homogeneous at the millimetre scale. Fine roots, of a similar size to small soil pores, can elongate in the textural pore space and may be unaffected by increased soil strength, as for example in the roots of carrot seedlings . Root hairs also elongate in the textural pore space, but it has been demonstrate that they may also deform clay soils with moderate resistance (Champion and Barley, 1969) .
The soil environment

Soil structure and its characterization
Significant progress has been made in the characterization of soil structure and a particularly helpful summary is reported by Jury et al. (2011) . They identified eight key research areas: (i) development of scaling relationships; (ii) defining effective properties; (iii) relating structure and function at different scales; (iv) unstable water flow in soil; (v) characterizing water repellence; (vi) flow and transport in the soil-plant continuum; (vii) physical and ecological origins of soil microbial diversity; and finally (viii) soil ecological infrastructure and ecosystem services. All eight areas are inextricably connected to soil structure and root growth, and one of the conclusions Fig. 1 . Penetration of different soil structures by roots. Roots exert an axial growth pressure σ a and a radial growth pressure σ r . The relative importance of σ a and σ r depends on whether the root is elongating in homogeneous soil or in an exist crack/pore. The soil-root friction, F r , provides a resistance to root elongation. When roots elongate across cracks/pores, the outcome (penetration or buckling) depends on a number of factors. The resistance to root elongation is commonly estimated with a penetrometer (typically 2 mm in diameter; Gao et al., 2012) , which, despite the obvious inability to take account of either soil structure or difference between soil-metal and soil-root friction, works well at an empirical level. Reprinted from Soil & Tillage Research 125, Gao W, Watts CW, Ren T, Whalley WR. The effects of compaction and soil drying on penetrometer resistance. 14-22, 2012. Copyright with permission from Elsevier. The insert shows an electron micrograph of soil (provided by Mrs J. Devonshire and Dr C. Watts, Rothamsted Research, Harpenden, UK) and in comparison with millimetre-sized roots, this soil can be considered to be homogeneous.
of Jury et al. (2011) was to emphasize the importance of plant-soil interactions to food production. In the context of our review, the challenge is to simplify the complexity of soilroot interaction to provide tractable approaches for predicting root and shoot responses to soil structure. In our review, we focus on point (ii) 'defining effective properties' and point (vi) 'flow and transport', as these are the two issues that have the greatest effect on the mechanical interaction between the root and soil, especially in the interface. The 'effective property' is the volume-averaged property of soil, and in our context it could be soil mechanical strength or hydraulic characteristics. The effect of structure is a deviation of root growth from the patterns that might be expected because of the volume-averaged property. A representation of soil structure is given in Fig. 1 , where macropores (pores with dimensions much greater than the particle size) separate regions of soil where the pore space is determined largely by the particle size distribution or the 'textural pore space'. Pore sizes between the primary soil particles, or the textural pore space, are usually much smaller than the size of the root, and the soil, from the perspective of the root, can be approximated as a homogenous material (an expectation is in sandy soil with millimetre-sized particles). The existence of both macropores and textural pores in a soil is often referred to as the dualporous nature of soil (e.g. Laudone et al., 2013) . The physical properties of the textural pore space are not unique for any given particle size distribution, but they depend on the average porosity and the amount of shear deformation . Macropores may result as a consequence of soil shrinkage during drying, soil cultivation during the preparation of seedbeds, the residual pores following root growth and subsequent decay, or earthworm burrows. Pores resulting from old root channels or deep-burrowing earthworm activity are called biopores and they tend to be vertically oriented and more resistant to collapse when the soil is compacted by the passage of heavy agricultural machinery. The macropore structure that results from cultivation tends to be highly connected but unstable against the effects of compaction and also the weather. For example, heavy rain can disperse the soil and cause denser soil-surface layers of up to a few centimetres formed by sedimentation. Another negative aspect of cultivation is that dense layers of soil, called plough pans, form at the operating depth of the plough. The most common cause for these is a blunt soil-cutting face on the plough that forces a thin layer of soil downwards and this is repeated annually. In the worst case, this can cause a ubiquitous layer of dense soil, which, as will be discussed in the following sections, is an impediment to root elongation. In countries with cold winters, freezing of the soil surface layers can alter and ameliorate poor soil structure. It is important to realize that soil structure is dynamic and changes with time due to farming interventions (tillage, biotillage by rooting, fertilization, irrigation, or the passage of heavy vehicles), the effect of weather and climate (freeze-thaw or wet-dry cycles) or biological activity in the soil (root exudation, and biota such as earthworms or mycorrhiza fungi). Study of soil biological interactions has led to the hierarchical concept of soil organization, where the organization of particles at various scales is related to the biological organism of an appropriate size (Tisdall and Oades, 1982) . This has been a common reference framework in the description of soil structure. More recently, X-ray imaging (Helliwell et al., 2013) and complex mathematic models have been widely used to interpret soil structure and its development (Young and Crawford, 2004) . For root growth, key issues are the ability of the soil to supply water and nutrients and the provision of a soil that can be deformed by the root to allow root proliferation. These two properties are discussed in the next two sections. Then, we consider how the effects of soil structure can cause root elongation to deviate from that expected by the 'volume-averaged' characteristics.
Water supply to the root
As roots uptake soil water, the capillary pressure becomes more negative and the conductivity of soil to water decreases. Simple but robust relationships between soil moisture, root length density, and water uptake can be helpful; van Lier et al. (2006) showed how the root density and transpiration rate, T (m d -1 ) at the point when soil water supply becomes limited, were related by:
where p and q are empirically determined parameters, r (m) is the mean half-distance between roots, and M is the mean matric flux potential (m 2 d -1 ). The matric flux potential of soil is given by:
where ψ w and θ w are the matric potential and water content at the permanent wilting point, and K ψ ( ) and D θ ( ) are the hydraulic conductivity and diffusivity. The calculation of M is illustrated graphically in Fig. 2 (upper panel). It is convenient to use the matrix flux potential because it linearizes the solution to water flow problems (Raats, 1970) and in this example provides a simple relationship between soil hydraulic properties, root density, and transpiration. Due to experimental difficulties, very few direct measurements of hydraulic conductivity in unsaturated soils are available, so K ψ ( ) ( ) is commonly estimated from the soil water release characteristic and the conductivity of saturated soil (van Genuchten 1980) . Diffusivity can be estimated from soil-drying experiments (Rose, 1963) , and describes the mass flow of water in the liquid phase as well as the diffusion of water vapour, although it is not commonly used. The nomogram in Fig. 2 (lower panel) allows the effect of the interaction between soil type, rooting density, and matric potential on potential transpiration to be understood. An important message is that matric potential is only an approximate guide to water availability. Soil management or damage and indeed root growth itself also affect soil hydraulic properties (Whalley et al., 2004; 2005b; Dunbabin et al., 2006; Gregory et al., 2010a) . Passioura (1991) used an analytical solution derived by simplifying the physical system to plot the time needed for roots to extract 37% of the available water (i.e. 1/e) in four different soil structures at the centimetre scale (Fig. 3) . The soil structures that are most easily drained by roots are slabs, prisms, and cubes which are most likely to be found in cultivated layers. Roots were predicted to be least effective at draining soil between biopores. The analysis of Passioura (1991) (Fig. 3) , is important because it gives an insight into the effects of soil structure at a scale greater than the capillary scale described by Equations 1 and 2.
A review by Cresswell and Kirkegaard (1995) found little evidence for improved crop yield through 'biological drilling' by roots/earthworms to increase biopore numbers, a view supported by more recent studies (McCallum et al., 2004; Gill et al., 2008) . While crop rotations can improve yield (Gaiser et al., 2012) , there is no evidence that this was due to improved exploitation of soil pores at depth. Using the core-break method, White and Kirkegaard (2010) found that, while all wheat roots at depth grew in existing pores, the exploitation of those pores was poor and the percentage of pores containing roots decreased from approximately 20% at 15 cm depth to 5% at 1.5 m depth. However, it was concluded that there were sufficient roots at depth and the low water uptake (approximately 20% of available water remained unused at maturity under terminal drought stress) was because of a hydraulic resistance at the soil-root interface (White and Kirkegaard, 2010) . also found that the potential benefits of biopores (allowing access to soil at depth) were offset by problems of poor rootsoil contact. It was suggested that lateral roots may have difficulty penetrating the compacted walls of a biopore. Poor water uptake is not entirely explained by soil structure effects on the root-soil interface; in homogeneous soils hydraulic resistances at the root-soil interface have been reported. Herkelrath et al. (1977) grew wheat plants in columns that were vertically divided by five wax layers through which roots, but not water, could penetrate. When the soil dried to a matric potential of -100 kPa, there was a large reduction in water uptake by the roots that was not consistent with the expected hydraulic properties of the bulk soil, which should have been able to supply water to the roots. This led them to conclude that the hydraulic properties at the root-soil interface differed from those of the bulk soil and limited soil drying.
The build-up of solutes at the root surface is an alternative to the soil-root resistance hypothesis, to explain lower-thanexpect water uptake . When the conductivity of the soil is low, suggested that the build-up of solutes in the soil at the root surface would reduce the potential gradient between the xylem and the soil sufficiently to reduce water uptake. This idea has received little attention, partly because measurements of nutrient gradients are more difficult than the physical imaging of soil with modern X-ray systems.
Mechanical resistance to root elongation in soil
Soil mechanical strength increases with drying. Relatively moist soils can become strong enough to restrict root elongation, while water is available at high matric potentials (>-100 kPa) not usually associated with limited water availability (Whalley et al., 2006) . Penetrometer resistance is a useful, widely reviewed (Bengough and Mullins, 1991; Whitmore and Whalley, 2009 ) measure of soil strength that correlates with the rate of root elongation. It overestimates the pressure roots need to exert to deform soil, primarily because soil-to-root friction is much lower than soil-to-metal friction (McKenzie et al., 2013) . Penetrometer resistance Q can be predicted by:
where, ρ is density, e is void ratio (which is functionally related to ρ), σ s is the compaction pressure, ψ ae is the matric potential, ψ, at which air invades the soil matrix during soil drying, and F, p, b, and f are fitted parameters (Gao et al., 2012) . Other empirical relationships between soil moisture and penetrometer resistance have also been published (e.g. Hernanz et al., 2000; To and Kay, 2005; Vaz et al., 2011) . Equation 3 has successfully predicted penetrometer resistances measured in the field (Gao et al., 2012) and Fig. 4 shows how it can predict the relationship between soil compaction, matric potential and penetrometer resistance, confirming the widely reported Whalley et al. 2005a) phenomenon of a rapid increase in penetrometer resistance following a small amount of drying. In a soil profile, the penetrometer resistance increases with depth due to the weight of soil above any point (hydrostatic pressure) as well as the presence of dense layers. Typical examples of penetrometer resistance profiles are shown in Fig. 5 .
Root elongation in homogeneous soils
Roots elongate by a process of meristem cells dividing and expanding, followed by cell expansion in the elongation zone (Ubeda-Tomás et al., 2012) . A schematic diagram of a root is shown in Fig. 6 as well as the changes in diameter and cell length that occur when roots elongate in strong soil. Water influx into cells generates turgor pressure, which provides the driving force for cell elongation and hence root growth. The slower rate of root elongation in impeded roots is thought to be due to a reduced rate of both axial cell elongation and cell production (Croser et al., 2000) (Fig. 6) . The growth pressure (kPa) that the roots exert on the soil (σ) is equal in magnitude to the soil pressure that opposes root elongation and it may differ in the radial and axial directions (Fig. 1) . In a root tip elongating through soil, cell turgor pressure (P) generates the growth pressure (σ), which results from the difference between P and the cell-wall pressure (W) so that, τ = P W (Greacen and Oh, 1972) . Axial growth pressures (Fig. 1) are usually estimated by measuring the axial force generated by a root tip in a small hole and dividing it by the cross-sectional area of the root. The apparatus designed and built in various laboratories do not have a consistent design and the reported growth pressures, even for the same seed batches, vary . The variation in reported axial growth pressures in pea roots between 0.6 and 0.9 MPa (approximately) for a given seed batch was largely explained by differences in the assessment of root diameter. An apparatus that allowed in situ measurement of root diameter is thought to be best. In one of the few measurements of both root growth pressure and cell turgor, cell-wall relaxation was demonstrated to be as important as turgor in the generation of growth pressure by roots (Clark et al., 1996) . Axial root growth pressure is very sensitive to the water potential of the external environment; as the external water potential is decreased from 0 to -0.4 MPa, root growth pressure reduced from 0.65 to 0.35 MPa. The most likely explanation is a lower turgor pressure in the cells of the root tip (Whalley et al., 1998) .
The development of higher root growth pressures does not explain genotypic differences in the ability of roots to penetrate strong soil . Roots of different species have a surprisingly similar maximum root growth pressure in the range 0.24-0.58 MPa. Furthermore, the ability to elongate in uniformly strong soil in the laboratory poorly discriminated between rice lines that were better or worse at penetrating strong layers in the field (Clark et al., 2002) .The widely reported phenomenon of root thickening in response to strong soil (e.g. Materechera et al., 1992; , Clark et al., 2002; Hanbury and Atwell, 2005) has been interpreted as an important root trait to enable the reduction of axial stress at the tips of roots elongating in strong soil (Hettiaratchi, 1990) . The stress relief can be modelled, and is due to soil loosing at the root tip due to radial expansion of a cavity. More recent modelling has, to some extent, questioned the importance of root diameter within this context (Kirby and Bengough, 2002) , although, root diameter per se is important as discussed below with respect to the resistance to root buckling. Kirby and Bengough (2002) concluded that the degree of axial stress relief depended on the level of soil to root friction. A frictionless soil-root interface might reduce the shear stresses imposed on the root (Fig. 1) but actually increase the axial stress due to a reduced level of stress relief. The low friction environment between root and soil is thought to be due to the presence of a slippery coating of detached border cells and mucilage. The number of detached border cells increased in maize roots grown in compacted sand (Iijima et al., 2000) .
A particularly interesting observation was that root elongation is insensitive to radial pressure even when this was comparable with the turgor pressure (Kolb et al., 2012) . In contrast, root elongation was very sensitive to axial pressures as low as 0.1 MPa (Bengough and Mackenzie, 1994; Bengough, 2012 ). Thus, it seems possible that the root senses soil strength by some effect of axial stress on the root tip and then adjusts the rate of cell division and/or cell-wall elongation accordingly. This raises the unexplored possibility that the level of root-to-soil friction, by its effect on axial pressure (Kirby and Bengough, 2002) , may modify the biological response of the root as a whole to strong soil. The counterintuitive Fig. 4 . Predictions of the effects of applied compaction pressure (or overburden pressure) and matric potential on penetrometer resistance. We used the compression characteristic of a loamy sand to relate the compaction pressure to void ratio and density. High penetrometer resistances (>2 MPa) can be obtained at high matric potentials (>-100 kPa), especially in compacted soil.
hypothesis-high root-to-soil friction reduces the axial pressure on the root tip (due to axial stress relief in the soil ahead of the root tip) and hence its perception of soil strength and thus maintains elongation in strong soil-remains to be tested. Recently, there have been exciting developments allowing the movement of particles around elongating roots to be tracked (Vollsnes et al., 2010) , which could provide important information on the extent of axial stress. The importance of this is likely to be related to the control of cell flux and elongation.
The biophysical control of root elongation rate is poorly understood and root elongation rate per se has received relatively little attention. Different species (e.g. maize and cotton) elongate at very different rates at a given level of soil impedance (Baryosef and Lambert, 1981) . Significant variation in primary root elongation response to simple water stress is seen in maize (Leach et al., 2011) , although less is known about the variation in the elongation rates of impeded roots. Quantitative trait loci (QTLs) for root elongation rate for wheat roots grown in an environment with no mechanical impedance have been reported (Hamada et al., 2012) . It will be important to determine whether the genetic control of elongation is conserved when the roots are impeded. However, strong soil reduces elongation rate much more than water stress on its own, and the elongation of individual roots is often limited by soil strength (Taylor and Ratliff 1969; Bengough et al., 2006; Valentine et al., 2012) . Identifying the biophysical and molecular characteristics that confer high root elongation rates in strong soil is important.
Root penetration at interfaces within the soil
A soil interface with no air gap
If roots were incapable of bending they would not be able to take advantage of cracks and regions of relatively weak soil that occur in many soil profiles (Fig. 1) . However, if they were too flexible they would not be able to penetrate strong layers of soil and enter the subsoil from the weaker surface layers. Penetration of strong layers is affected by spatial gradients in soil strength, which can occur at the interface between the cultivated layer and subsoil (e.g. Fig. 5 ). Such interfaces have been replicated in model experimental systems using wax layers of different strength installed in sand culture systems (Clark et al., 2002) to compare the ability of a root to penetrate a strong and a weak layer (Fig. 7) . This type of laboratory root screening has identified rice lines that have roots that are better at penetrating strong layers and the genetic control of that trait (Norton et al., 2008) . Although stiffer, thicker roots (Fig. 8) are better at penetrating a strong layer (Clark et al., 2008a) , roots that have elongated in strong soil are less stiff than those that have elongated in weak soil (Table 1, Fig. 8 ), which is thought to be due to greater cell-wall relaxation needed to generate the greater growth pressure required in strong compared with weak soil. Generally, thicker roots are stiffer (Fig. 8) , which greatly improves the initial penetration of roots into strong layers Clark et al., 2008b) .
If roots behaved like a cylinder of a simple material, it would be expected that bending stiffness would depend on diameter to the fourth power, which would correspond to a gradient of 4.0 on a log-log plot of bending stiffness against diameter (Fig. 8) . However, Clark et al. (2008a) found that, although this was approximately the case, there was a tendency for the slope to be nearer 3.5 than 4.0. Nevertheless, most of the variation in bending stiffness could be accounted for by variation in diameter. The co-location of QTLs for root diameter and QTLs for bending stiffness reported by Clark et al. (2008b) was consistent with a conclusion that root diameter was the most important root trait as far as bending stiffness is concerned. There would seem to be limited opportunity, at least within a species, to alter root bending stiffness other than by simple diameter. Large variability between the Young's moduli of roots of different crop species has been reported (Table 2) . Unfortunately, field observations do not show that oat, with a high Young's modulus (Table 2) is any better at penetrating structured soil than barley with a comparable diameter and approximately one-quarter of the Young's modulus (see field data of Pietola, 2005) . found much greater variability in data when stiffness measurements were made on roots that buckled due to growth forces compared with those generated by the movement of a loading frame, although the mean values were similar. This suggests that simple mechanical analyses do not fully account for root responses to strong layers. In a simple two-layer system, the penetration of a strong second layer, by roots, is increased with a stronger first layer (Table 3 ). This effect is thought to be due to increased lateral support to the root in the first layer reducing root buckling during penetration of the stronger second layer. Model experiments that compared the effect of spatial gradients in soil strength, at the millimeter scale, have also shown that, when the strength increases with distance, there is improved root penetration of strong layers in comparison with an abrupt increase in strength (Fig. 9) . The effect of millimetre scale gradients in strength on the penetration of strong layers by roots can be as great as genotypic differences ( Fig. 9 ; Clark et al., 2008b) . Numerical simulations of stress distributions at the tips of roots indicated that gradual rather than abrupt increases in strength decreased stress concentration at the root tip, consistent with the experimental result of an increased penetration of roots when strength increased with distance, even at the millimeter scale (Clark et al., 2008a) . An example of a relevant situation in a soil profile might be a wetting front, which would weaken the surface while the soil beneath the surface might remain drier (and stronger).
A soil interface with an air gap
When roots emerge from peds of soil in structured soils, they may grow through an air gap before encountering another soil surface (Fig. 1) . The probability of a root emerging from a soil ped and penetrating the next ped depends upon a number of factors influenced by the soil itself, the characteristics of the gap, and the properties of the root. The angle between the root and the soil surface to be penetrated and the strength of that soil are important factors in determining the outcome (Dexter and Hewitt, 1978) as shown in Fig. 10 . If the soil to be penetrated is very weak, then the angle of root incidence is unimportant, although as soil strength increases only roots with near vertical incidences have a reasonable probability of penetrating the soil layer. The mechanical stress needed to buckle roots also depends on water stress and ln(buckling stress) is approximately linear with ln(water potential in the root external environment) in osmotic stresses from 0 to -750 kPa (Fig. 11) . At greater water stress, buckling stress decreased more rapidly. The buckling resistance is very sensitive to the length of unsupported root, which can reduce the buckling stress by two orders of magnitude as this length increases from 3 to 14.5 mm.
Root elongation in the crack/biopore
Many cracks become narrower with distance (in the order of a few centimetres). Although the stele of maize roots can narrow in response to radial constriction (Bengough et al., 1997) , this ability was limited by the size of the root cap and the stele in ryegrass (Scholefield and Hall, 1985) . However, as root elongation is insensitive to radial pressures (Kolb et al., 2012) , their elongation is not likely to be seriously impeded in such cracks or pores unless an axial pressure is applied to the root tip (Bengough, 2012) . Whiteley and Dexter (1983) found that roots of pea, safflower, and rape were able to elongate with some ease in cracks narrower than the root diameter but not in undisturbed soil with no cracks. With a model experimental system, Bengough and Mackenzie (1994) showed how pea roots growing in a capillary tube were very sensitive to relatively small axial pressures of no more than 0.1 MPa, which is less than one-fifth of the reported maximum axial growth pressure of well-watered pea roots (Whalley et al., 1998) .
The angular spread of roots in soil
Plants with a narrower angular spread of roots are thought to be at an advantage in water-limited environments (Manschadi et al., 2006 (Manschadi et al., , 2008 , whereas a wide angular spread of roots is thought to benefit nutrient uptake, especially P (Ge et al., 2000; Rubio et al., 2001; Lynch, 2007 Lynch, , 2011 Shen et al., 2013) . A narrower spread of roots is associated with deeper rooting. As discussed previously, the angle of incidence of a root at a strong layer has a large effect on the probability of root penetration (Fig. 10) . Thus, the increased likelihood of penetration of a horizontal layer by a near-vertical root is consistent with deeper rooting. Genotypic differences in wheat root penetration through strong layers were only found when the roots were close to vertical . The angular spread of roots is determined by the gravitropic response of the elongating roots. From experiments in gel chambers, it is known that genotypic variability in the angular spread of barley roots exists in young seedlings (Bengough et al., 2004) as well as in wheat grown in soil to maturity (Manschadi et al., 2006) . The physiological basis for differences in the angular spread of roots is the strength of the gravitropic response. Although the importance of the incidence angle of the root at a soil interface on the success of penetration of strong layers is understood (cited work of Dexter herein; Whalley et al., 2013) , as far as we are aware, the strength of the gravitropic response has not been recognized as a root trait that can affect the penetration of strong soil horizontal layers (e.g. Fig. 5 ) by roots. The interaction between gravitropism, abiotic stress, and the penetration of hard layers seems to be a neglected area, although considerable progress has been made with respect to the transmission of a sensed gravitropic response and the subsequent interpretation in Table 1 . Bending stiffness of roots of Azucena and Bala which had been grown either in strong (Impeded) 
or in weak (control) sand
The data was Log transformed before REML and the SED is 0.1359. The back-transformed bending stiffness in N mm -1 is shown in brackets (From Clark et al., 2008b) .
Plant
Impeded roots Control roots terms of a modification to growth patterns (Band et al., 2012; Toyota and Gilroy, 2013) . In structured soil, both ephemeral (roots in cracks) and constant mechanical (roots in homogeneous soil) gravitropic stimuli to the elongating root seem relevant. The ephemeral stimulus is likely to apply to roots negotiating cracks in soil, where there will be a change in the support to the root tip, particularly in those cracks large enough for significant amounts of cell division and elongation to occur. Toyota and Gilroy (2013) refer to these ephemeral stresses as 'phasic' and the constant stresses as 'tonic' (continuous) and a proposed gravitropic signal in repose to each of these types of stimuli is shown in Fig. 12 . The importance of a gravitropic stimulus to the growth roots in a crack remains to be determined. This would presumably depend on the orientation of the root and even in case of a horizontal root; sufficient time would be needed for the slow gravitopic reorientation of growth to occur. The issue of 'sufficient time' is itself not a simple matter and would presumably depend on the size of the crack and elongation rate. Elongation rate itself depends on temperature as well as species. However, a complete reorientation of growth direction may not be needed for the root elongation in a crack as opposed to penetrating the soil face (Fig. 1) . All that may be needed is for the angle of incidence at the soil interface to change sufficiently to increase the likelihood of root buckling (see Fig. 10 ). Data for the 'tonic' responses ( Fig. 12 ) of gravitropisms to temperature and water stress suggest that, in hotter drier conditions, the roots of maize have a stronger gravitropic response leading to roots that elongate more vertically than in a colder, wetter environment (Nakamoto, 1993) . Fig. 13 shows a genotypic difference in the gravitropic response of two different wheat lines (Oyanagi et al., 1992) . In one of the wheat lines, the root orientation becomes more vertical at water potentials smaller than -50 kPa, while in the other wheat, a near-vertical root growth habit does not depend on the external water potential. Similar data does not exist for the effects of soil strength on growth angle. The initial perception of the direction of the gravity field is essentially a mechanical process sensed by mechanosensory cells (statocytes) of in the root cap columella, which sediment through the cytoplasm in response to reorientation of the cells and initiate tropic signalling (Staehelin et al., 2000; Bastien et al., 2013; Toyota and Gilroy, 2013) . It may be reasonable to expect that the changes in the shapes of cells in the root tips that occur in strong soil (Atwell, 1990 ) also affect the functioning of the mechanosensory system that initiates gravitropic responses. However, this remains unexplored, although the shape of the cell has been implicated in auxin transport (Laskowski et al., 2008) .
Root biochemistry to long-distance signals: responses to dry or strong soils
When roots are exposed to dry soil or increased soil strength, their metabolism alters (Sharp et al., 2004; Okamoto et al., 2008) and changes in phytohormone concentrations have been considered as critical in regulating adaptive responses to changes in soil properties. Roots that encounter mechanical impedance typically show increased diameter concomitant with increased ethylene synthesis (Sarquis et al., 1991; Okamoto et al., 2008) . Paradoxically, although ethylene usually slows root elongation, chemical or genetic inhibition of ethylene perception limits root penetration of substrates (Santisree et al., 2011) . Increased root abscisic acid (ABA) concentration has also been detected in plants responding to high mechanical impedance, in plants showing both pronounced changes (Hartung et al., 1994) and no change (Hurley and Rowarth, 1999) in leaf water potential. Future work needs to demonstrate that enhanced understanding of root phytohormonal responses to mechanical impedance in model systems is relevant to the root growth responses of plants in strong relative to weak soils. Changes in root tip biochemistry during water stress have most commonly been investigated by growing just-germinated seedlings in vermiculite at a defined water status (Sharp et al., 1988) or osmotica (typically polyethylene glycol or mannitol) hydroponically (Ribaut and Pilet, 1991) . In vermiculite, decreased matric potential (-1.6 MPa) decreased cellular turgor (by approximately 0.4 MPa) throughout the growing zone of maize roots (Spollen and Sharp, 1991) , which was correlated with ABA accumulation, a necessary adaptive response to maintain root elongation (Spollen et al., 2000) . Nevertheless, it was argued (Simonneau et al., 1998) that decreased turgor may not be the primary signal for ABA accumulation, as osmotic stress induced root tip ABA accumulation (Ribaut and Pilet, 1991) turgor (Pritchard et al., 1993) . Instead, the rate of ABA accumulation of detached roots (of different ages and branching order) was correlated with pre-dawn leaf water potential, an indirect measurement of root water potential (Simonneau et al., 1998) . Similarly, root ABA concentration increased as root water potential (measured on detached roots via psychrometry, or the whole root system using a pressure chamber) decreased (Puértolas et al., 2013) . In a range of soil textures, root xylem ABA concentration was better correlated with root water potential than soil matric potential, soil strength, or water content (Dodd et al., 2010) . Nevertheless, experiments that factorially vary both root water potential and mechanical impedance seem necessary to understand sensing of drying soil by roots.
In contrast to an extensive literature on root ABA relations during soil drying, there is relatively little information on other changes in root phytohormone concentrations in response to soil drying (as distinct from medium osmotic potential in hydroponics). Decreased cytokinin concentrations (Goicoechea et al., 1997) and auxin (IAA) concentrations (Nan et al., 2002) have been noted. Recent experiments demonstrate that moderate osmotic stress (Ψ=-0.47 MPa) increased auxin transport in the root apex of Arabidopsis and rice plants, activating the plasma membrane H + -ATPase to secrete protons, thereby maintaining primary root elongation (Xu et al., 2013) . The availability of auxin-transport mutants in crop plants (Forestan and Varotto, 2012) provides an opportunity to test the physiological significance of these processes in mediating root growth in drying soil.
While these biochemical changes can be important in regulating root growth, they can also act as a signal of altered soil conditions to the shoot (so-called 'root-to-shoot signalling'), thereby regulating shoot physiology such as leaf gas exchange and leaf growth. An extensive literature has quantified changes in xylem sap composition in response to altered soil moisture and strength, and appraised the roles of particular phytohormones in regulating shoot responses (Davies and Zhang, 1991; Dodd, 2005 ; Schachtman and Goodger, 2008). Nevertheless, in the field, roots at different depths will be exposed to different physico-chemical environments, and integrating signals from different parts of the root system may be critical in regulating crop responses to edaphic stresses.
Summary
One of the primary functions of the roots is to supply water and nutrients, and we must recognize that, in many cases, the primary limitation to water uptake is the hydraulic resistance at the root-soil interface, and in some cases this can be a greater limitation than rooting depth (White and Kirkegaard 2010) . The root traits needed to confer good hydraulic conductance at the root-soil interface seem unclear, although increased root exudation may be implicated (Huang et al., 1993; North and Nobel, 1994; Moradi et al., 2012) by binding soil particles into a rhizosheath to minimize air gaps, or directly improving soil moisture in the interface of root and soil. Even in sandy soils, which have limited shrinkage, gaps between the root and soil appear, but they are smaller in the distal parts of the root and dynamic in nature due to root swelling on rewatering (Carminati et al., 2009) . The inability of roots to take up water that is apparently freely available makes the ability of roots to penetrate strong layers, and explore the soil more fully, an important trait for crops growing in water-limited environments (Botwright Acuña and Wade, 2012) . In this review, we have discussed the main factors affecting good root penetration of strong layers. Laboratory tests on rice (Clark et al., 2000 (Clark et al., , 2002 2008a,b) and wheat (Kubo et al., 2004) have identified genotypes better able to penetrate strong layers of soil. Some wheat genotypes with an improved ability to penetrate strong wax layers also had deep roots in the field, while those lines that were poor at penetrating strong wax layers had shallow roots (Botwright Acuña et al., 2007) . An important observation is that even relatively wet soils (matric potential >-100kPa) can be sufficiently strong to provide considerable mechanical resistance to root elongation.
Although the stunting effect of strong or dry soil on leaf elongation represents integration by the roots of the soil environment, the signalling system(s) remains poorly understood. While some aspects, such as the delivery of ABA to leaves from root systems in heterogeneous environments, are predictable from plant measurements of root ABA and xylem flux, it has not been possible to include the soil component in these models. This review has presented relatively simple models for the effects of soil properties and root density on water uptake as well as the relationships between water availability and soil mechanical impedance. Relatively complex feedback mechanisms are also likely to be involved, as water uptake, and hence the increase in soil strength, is a function of both leaf area and root size, which will require an appropriately parameterized model to disentangle (Sperry et al., 1998) .
